. Whole body metabolic characterization of PM20D1-KO mice on chow diet. (A-E) Oxygen consumption (A), carbon dioxide production (B), respiratory exchange ratio (C), food intake (D), and locomotor activity (E) of 8-10 week old male WT and PM20D1-KO mice over two days on chow diet. Grey regions indicate night time and white regions indicate day time.
Data are shown as means ± SEM, n = 8-13/group. shown as means ± SEM of n = 5-6 wells/group, * P < 0.05, ** P < 0.01 versus DMSO treatment. To isolate genomic DNA from PM20D1-KO and WT mice, clips of mouse tail were digested for 30 min at 100ºC in 100 µl 50 mM NaOH and then neutralization with 7 µl 1.5 M Tris (pH 7.4). PCR was performed using primer pairs to either the Pm20d1 WT allele (F; 5'-CCCAGTTCAGCGAGGAG-3', R; 5'-GTGCTACAAATACTTTTTG) or the Pm20d1 KO allele (F; 5'-CTTCCCAGTAGGAGGAG-3', R; 5'-GTGCTACAAATACTTTTTG-3'). PCR reactions consisted of: 24 µl Platinum PCR Supermix (Invitrogen), 1 µl of 10 µM forward and reverse primer mix, and 0.5 µl processed tail DNA. Separate PCR reactions were performed for each mouse for each WT or KO primer pair. The thermocycling program consisted of 96ºC for 3 min, followed by 32 cycles of [96ºC for 15 s, 50ºC for 20 s, 72ºC for 45s], and lastly 72ºC for 5 min. Samples were analyzed by 2% agarose gel with 0.2 µg/ml EtBr and assessed for presence of a ~300 bp (WT allele) or ~290 bp (KO allele) PCR product.
Molecular studies.
qPCR and western blotting were performed according to standard methods. For qPCR, all values were normalized by the ΔΔCt method to Tbp.
The following qPCR primers were used:
The following antibodies were used: UCP1 (Abcam ab10983), total OXPHOS antibody cocktail (Abcam ab110413), and tubulin-HRP (Abcam ab21058).
Quantitative shotgun proteomics of mouse liver.
Livers from WT and PM20D1-KO mice were homogenized with ice-cold lysis buffer (50 mM Tris pH 8.5, 50 mM beta-glycerophosphate, 1 mM sodium orthovanadate, 1 mM PMSF, EDTA-free protease inhibitor cocktail (Promega), and 2% SDS). The lysate was centrifuged (10 min, 10,000 x g). Protein content was measured using a BCA assay (Thermo Scientific, Rockford, IL); disulfide bonds were reduced with 5 mM TCEP and cysteine residues alkylated with iodoacetamide(14 mM) essentially as previously described (Huttlin et al., 2010) . Protein lysates were purified by methanol-chloroform precipitation and digested overnight with LysC (Wako, Japan) in a 1/200 enzyme/protein ratio in 2 M urea and 25 mM Tris-HCl, pH 8.5. The digest was acidified with 10 % formic acid (FA) to a pH of ~2-3 and subjected to C18 solidphase extraction (50 mg SPE) (Sep-Pak, Waters, Milford, MA). Isobaric labeling of the digested peptides was accomplished with 6-plex tandem mass tag (TMT) reagents (Thermo Fisher Scientific, Rockford, IL). Reagents (5.0 mg) were dissolved in 252 µl acetonitrile (ACN) and 1/4 of the solution were added to 100 µg of peptides dissolved in 100 µl of 200 mM HEPES, pH 8.5.
After 1 h at room temperature, the reaction was quenched by adding 3 µl of 5% hydroxylamine.
Labeled peptides (all 4 reagents (126-129)) were combined and acidified prior to C18 SPE on Sep-Pak cartridges (50 mg). TMT labeled peptides were solubilized in 500 µL solution containing 5% ACN/10 mM ammonium bicarbonate, pH 8.0 and separated by an Agilent 300
Extend C18 column (5 µm particles, 2.6 mm ID and 220 mm in length). An Agilent 1100 binary pump coupled with a photodiode array (PDA) detector (Thermo Scientific) was used to separate the peptides. A 45 minute linear gradient from 18% to 45% acetonitrile in 10 mM ammonium bicarbonate pH 8 (flow rate of 0.8 ml/min) separated the peptide mixtures into a total of 96 fractions (36 seconds). A total of 96 Fractions were consolidated into 24 samples in a checkerboard fashion, acidified with 20 µl of 20% formic acid and vacuum dried to completion.
Each sample was re-dissolved in 12 µl 5% FA/ 5% ACN, desalted via StageTips prior to LC-MS/MS analysis.
All 24 LC-MS/MS experiments were performed on Data were collected using an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) coupled with a Proxeon EASY-nLC 1200 LC pump (Thermo Fisher Scientific). Peptides were separated on a 75 µm inner diameter microcapillary column packed with 35 cm of Accucore C18 resin (2.6 µm, 100 Å, ThermoFisher Scientific). Peptides were separated using a 3 h gradient of 6-27% acetonitrile in 0.125% formic acid with a flow rate of 400 nl/min. Each analysis used an MS 3 -based TMT method as described previously (McAlister et al., 2014) . The data were acquired using a mass range of m/z 350 -1350, resolution 120,000, AGC target 1 x 10 6 , maximum injection time 100 ms, dynamic exclusion of 120 seconds for the peptide measurements in the Orbitrap. Data dependent MS 2 spectra were acquired in the ion trap with a normalized collision energy (NCE) set at 35%, AGC target set to 1.8 x 10 4 and a maximum injection time of 120 ms.
MS 3 scans were acquired in the Orbitrap with a HCD collision energy set to 55%, AGC target set to 1.5 x 10 5 , maximum injection time of 150 ms, resolution at 15,000 and with a maximum synchronous precursor selection (SPS) precursors set to 10.
A compendium of in-house developed software was used to convert mass spectrometric data (Raw files) to the mzXML format, as well as to correct monoisotopic m/z measurements and erroneous assignments of peptide charge state (Elias and Gygi, 2007) . All experiments used the Mouse UniProt database (downloaded 10 April 2014) where reversed protein sequences and known contaminants such as human keratins were appended. SEQUEST searches were performed using a 20 ppm precursor ion tolerance, while requiring each peptide's amino/carboxy (N/C) terminus to have trypsin protease specificity and allowing up to two missed cleavages.
Six-plex TMT tags on peptide N termini and lysine residues (+229.162932 Da) and carbamidomethylation of cysteine residues (+57.02146 Da) were set as static modifications while methionine oxidation (+15.99492 Da) was set as variable modification. A MS 2 spectra assignment false discovery rate (FDR) of less than 1% was achieved by applying the targetdecoy database search strategy (Elias and Gygi, 2007) . Filtering was performed using an inhouse linear discrimination analysis method to create one combined filter parameter from the following peptide ion and MS 2 spectra metrics: Sequest parameters XCorr and ΔCn, peptide ion mass accuracy and charge state, in-solution charge of peptide, peptide length and mis-cleavages.
Linear discrimination scores were used to assign probabilities to each MS 2 spectrum for being assigned correctly and these probabilities were further used to filter the dataset with an MS 2 spectra assignment FDR of smaller than a 1% at the protein level.
For quantification, a 0.03 m/z window centered on the theoretical m/z value of each the six reporter ions and the intensity of the signal closest to the theoretical m/z value was recorded.
Reporter ion intensities were further denormalized based on their ion accumulation time for each MS 2 or MS 3 spectrum and adjusted based on the overlap of isotopic envelopes of all reporter ions (as determined by the manufacturer). The total signal intensity across all peptides quantified was summed for each TMT channel, and all intensity values were adjusted to account for potentially uneven TMT labeling and/or sample handling variance.
NAA hydrolysis and synthase activity assays from tissues and plasma
Plasma from WT or PM20D1-KO mice was collected from mice and used directly for the activity assays. Tissues from were homogenized in ice-cold PBS, centrifuged to remove debris (5 min at 1,000 x g), and the supernatant was collected and used for activity assays. Reactions were conducted in glass vials and initiated by the addition 100 µg protein. Final reaction conditions for the hydrolase reactions were 100 µM substrate (d8-C20:4-Gly or C18:1-Phe) and 100 µg protein in 100 µl PBS, and for the synthase reactions were 100 µM Phe, 2 mM oleic acid, and 100 µg protein in 100 µl PBS. After 1 h at 37°C, reactions were quenched with 600 µl 2:1 v/v acetonitrile:methanol and vortexed. Reaction vials were centrifuged at 2,000 x g to remove debris, and the supernatant was collected and analyzed by LC-MS as described below.
Measurements of metabolites in vivo and enzyme activities in vitro by LC-MS.
For separation of polar metabolites, normal-phase chromatography was performed with a Luna-5 mm NH2 column (50 mm × 4.60 mm, Phenomenex). Mobile phases were as follows: Buffer A, acetonitrile; Buffer B, 95:5 water/ acetonitrile with 0.2% ammonium hydroxide and 50 mM ammonium acetate for negative ionization mode. The flow rate for each run started at 0.2 ml/min for 2 min, followed by a gradient starting at 0% B and increasing linearly to 100% B over the course of 15 min with a flow rate of 0.7 ml/min, followed by an isocratic gradient of 100% B for 10 min at 0.7 ml/min before equilibrating for 5 min at 0% B with a flow rate of 0.7 ml/min. MS analysis was performed with an electrospray ionization (ESI) source on an Agilent 6430 QQQ LC−MS/MS. The capillary voltage was set to 3.5 kV, and the fragmentor voltage was set to 100 V. The drying gas temperature was 325 °C, the drying gas flow rate was 10 l/min, and the nebulizer pressure was 45 psi. For polar targeted and untargeted metabolomic analysis, metabolites were quantified by SRM of the transition from precursor to product ions (corresponding to amino acid fragment) at collision energy 20. Metabolites were quantified by integrating the area under the peak and were normalized to the internal standard using Capsaicin-induced flinching following C18:1-administration was assessed by injection of capsaicin (1.5 µg/paw) into the dorsal surface of the paw in a similar manner to the formalin test.
Nociceptive behavior was quantified by measuring the time spent licking the injected paw and counting the number of flinches in a 1 min period.
Whole animal calorimetry and implantable telemetry device measurements. Core. Mice were surgically implanted with intraperitoneal wireless temperature transmitters (G2 E-Mitter, Starr Life Sciences). The mice were then given seven days to recover, after which they were housed in the CLAMS and maintained on regular chow diet at room temperature (22˚C) for 3 days. The first 24 hours of data were excluded as the mice were acclimating to the CLAMS.
For the 4C cold challenge, mice were gradually shifted from 22˚C to 4˚C at a continuous rate over three hours. The CalR web tool for indirect calorimetry experiments (Mina et al., doi:https://doi.org/10.1101/213967) was used for plotting and statistical analysis. For each experimental condition, group differences in metabolic variables were analyzed by analysis of variance (ANOVA) for mass-independent variables (i.e., body temperature, locomotor activity, and respiratory exchange ratio) and analysis of covariance (ANCOVA) to adjusted for differences in body composition in mass-dependent variables (oxygen consumption, carbon dioxide production, energy expenditure).
In vitro calcium assays for TRP channel activity
HEK293A were plated at 5M cells per 10cm plate. The next day, the cells were cotransfected (1 µg RFP plasmid and 5 µg TRP plasmid) with PolyFect Transfection Reagent (Qiagen) according to the manufacturer's instructions. 24 h after transfection, cells were trypsinized and replated onto Collagen coated glass-bottom 24-well plates (MatTek Corporation, part number P24G-1.5-13-F) at a density of 100,000 cells/well in 0.5 ml media/well. Transfected cells were then assayed the following day (48 h after transfection) as described below.
On the day of imaging, Fluo-4 AM calcium dye was prepared by adding 24 µl Fluo-4 AM (stock solution, 1 µg/µl in DMSO) to 48 µl Pluronic (stock solution, 10% in DMSO). The mixture was vortexed, complete media (1.2 ml) was then added, and the combined solution vortexed again. 50 µl of this solution was added directly to each well of transfected cells in complete media. After 1 h 37ºC, the media with Fluo-4 AM dye was aspirated and room temperature imaging buffer (HBSS, with calcium, with magnesium, no phenol red, supplemented with 20 mM glucose) was gently added to the cells (0.5 ml/well).
Imaging was performed on an Inverted Nikon Ti fluorescent microscope at room temperature using FITC and TRITC filters for Fluo-4 AM and RFP, respectively. The indicated compounds were prepared as a 10x stock solution in imaging buffer. For recording of agonist activity, ten images were captured over a 1 min period. The indicated agonist (50 µl from 10x stock solution) was directly added to transfected cells after the first image. For recoding of antagonist activity, the indicated compound (50 µl from 10x stock solution) was incubated for 2 min, and then the agonist-induced calcium flux was recorded as described previously.
Image analysis of calcium flux was performed using ImageJ and the Time Series
Analyzer V3 plug-in. Transfected cells were selected based on RFP-positivity and 15-30 cells were selected per well. To obtain agonist-induced ∆F/F0 measurements, the change in fluorescence was normalized to the initial fluorescence on a per cell basis and the baseline fluorescence in RFP-negative cells was subtracted. For capsaicin and AITC-induced TRPV1 and TRPA1 agonism, images were quantitated at 1 min post-agonist treatment. For 2-APB and GSK1016790A-induced TRPV3 and TRPV4 agonism, images were quantitated at 12 sec postagonist treatment to circumvent the background observed in RFP-cells.
